We investigate, by means of computer simulations, the formation of soft nanoparticles by irreversible intramolecular cross-linking of homofunctional polymer precursors in good solvent. Simulations reveal that the early and intermediate stages of the cross-linking process are dominated by bonding at short contour distances. Because of the initial self-avoiding character of the precursor, bonding at long contour distances, which is the efficient mechanism for global compactation, is a rare event that essentially occurs in the late stage of cross-linking. Thus, irreversible crosslinking of precursors with identical molecular weight and linker fraction produces both compact and sparse objects. This is confirmed by a detailed analysis of the size and shape distribution of the fully cross-linked nanoparticles. We also investigate intramolecular cross-linking of heterofunctional polymers with two species of orthogonal linkers, bonding between distinct species being forbidden. It is found that simultaneous cross-linking of both species and sequential cross-linking (activation of one species after full cross-linking of the other) lead to the same structural properties for the resulting nanoparticles. The heterofunctional nanoparticles are on average smaller and more spherical than the homofunctional counterparts, though still a significant fraction of sparse objects is found. The simulation results are compared with results from SEC/MALLS and SAXS experiments in real polymeric nanoparticles.
We investigate, by means of computer simulations, the formation of soft nanoparticles by irreversible intramolecular cross-linking of homofunctional polymer precursors in good solvent. Simulations reveal that the early and intermediate stages of the cross-linking process are dominated by bonding at short contour distances. Because of the initial self-avoiding character of the precursor, bonding at long contour distances, which is the efficient mechanism for global compactation, is a rare event that essentially occurs in the late stage of cross-linking. Thus, irreversible crosslinking of precursors with identical molecular weight and linker fraction produces both compact and sparse objects. This is confirmed by a detailed analysis of the size and shape distribution of the fully cross-linked nanoparticles. We also investigate intramolecular cross-linking of heterofunctional polymers with two species of orthogonal linkers, bonding between distinct species being forbidden. It is found that simultaneous cross-linking of both species and sequential cross-linking (activation of one species after full cross-linking of the other) lead to the same structural properties for the resulting nanoparticles. The heterofunctional nanoparticles are on average smaller and more spherical than the homofunctional counterparts, though still a significant fraction of sparse objects is found. The simulation results are compared with results from SEC/MALLS and SAXS experiments in real polymeric nanoparticles.
I. INTRODUCTION
Efficient folding of single polymer chains is a topic of current interest due, mainly, to the predicted emergence in the near future of single-chain technologies (e.g., single-chain nanodevices) [1] and the attracting possibility to mimic the structure and functionality of natural biomacromolecules (e.g., enzymes, drug delivery vehicles, catalysts) by means of artificial single-chain nano-objects [2, 3] . Indeed unimolecular polymeric nanoparticles have already been considered in several applications as, e.g., promising elastomeric polymers, rheology agents, sensors or smart gels [4] [5] [6] [7] [8] .
Current folding protocols for synthetic (co)polymers rely on the use of intrachain cross-linking chemistries involving covalent [2, 5, 6, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , non-covalent [27] [28] [29] [30] [31] [32] [33] or dynamic covalent bonds [34, 35] . Additionally, techniques like intrachain homocoupling, intrachain heterocoupling or cross-linking induced collapse are available to promote the intramolecular folding/collapse of individual polymer chains to single-chain nanoparticles (SCNPs) [3] . However, the current folding degree in SCNPs is still far from that observed in globular proteins even by using highly-efficient 'click' chemistry techniques. In this sense, recent small-angle neutron scattering (SANS) [2, 26, 36 ] * Corresponding author: wabmosea@ehu.es and small-angle X-ray scattering (SAXS) [37, 38] measurements of SCNPs in solution have shown form factors more closely related to those of disordered proteins (crumpled coils) than those expected for globular, strongly folded nano-objects. Even if globular morphologies have been observed in the dry state by Atomic Force Microscopy (AFM) [12, 14, 26, 28, 37] and Transmission Electron Microscopy (TEM) [2, 13, 26, 29, 31, 35, 38] , SANS and SAXS data exclude the existence of such compact morphologies in solution at good solvent conditions. The origin of this kind of coil-to-globule transition upon solvent removal and nanoparticle deposition onto a substrate is still not well-understood, but its control is of paramount importance for the future development of single-chain biosensors, bioinspired unimolecular catalysts or responsive single-chain nanocarriers.
The lack of folding control during SCNP formation may be attributed to several factors including, among others, the presence of random monomer sequences in the single-chain copolymer precursor chains, unbalanced precursor-solvent interactions, or the inherent size dispersity of precursors synthesized through controlled radical polymerization techniques, when compared to perfectly monodisperse biomacromolecules [1] . Very recently, two different attempts have been carried out to improve the folding degree of SCNPs by using heterofunctional polymers and orthogonal cross-linking chemistries [36, 39] . However, the possibility of extracting general conclusions about the actual degree of folding improvement from these works is severely limited, due to the lack of comparTypeset by REVT E X ison with the homofunctional (control) systems [36] and the use of precursors of relatively low molecular weight [39] .
In this article we aim to draw a clear and general picture of the advantages of folding single polymer chains containing heterofunctional (A, B) reactive groups to soft nanoparticles via orthogonal intrachain (A+B) crosslinking techniques. With these ideas in mind, we perform molecular dynamics (MD) simulations of a generic bead-spring model for A+B cross-linked nanoparticles and their exactly equivalent homofunctional counterparts (i.e., A or B cross-linked nanoparticles). Furthermore, we compare the MD simulation results with experimental results by size exclusion chromatography/multi-angle laser light scattering (SEC/MALLS) and SAXS measurements on real single-chain nanoparticles.
We find that the cross-linking process produces both compact and sparse topologies for the soft nanoparticles even if these have identical molecular weight and fraction of cross-linkers. This qualitative observation is consistent with the few simulation works reported for intramolecularly cross-linked nanoparticles [40] [41] [42] . However a detailed quantitative characterization of the structural properties of such soft nanoparticles is still lacking. In this article we perform extensive simulations to determine their scaling behavior, shape parameters (asphericity and prolateness) and internal structure (Euler characteristic). As an additional novel result, we discuss differences between such properties for homofunctional and heterofunctional nanoparticles. We find that the heterofunctional nanoparticles are, on average, smaller and more spherical than their homofunctional counterparts. Furthermore, we find that the simultaneous and sequentail cross-linking routes lead to the same structural properties of the obtained heterofunctional nanoparticles. The simulation results are consistent with the experimental results obtained by SEC/MALLS and SAXS.
The remaining of the paper is organized as follows: In Section II we describe the nanoparticle synthesis and the SEC/MALLS and SAXS characterization techniques. In Section III we describe the simulated model and give MD details. In Section IV we discuss simulation results for the scaling properties and the shape and internal structure of the obtained soft nanoparticles. Moreover we compare results for the heterofunctional nanoparticles obtained by both simultaneous and sequential crosslinking. In Section V, we compare the results from SEC/MALLS and SAXS experiments with the predictions from the MD simulations. Finally, Section VI summarizes the main conclusions of this work.
II. EXPERIMENTAL DETAILS

A. Nanoparticle synthesis
To test the main results of the MD simulations, and to show the advantages (smaller size, more spherical objects) of folding single polymer chains containing heterofunctional reactive groups to soft nanoparticles, we selected a poly(methyl methacrylate) precursor containing 35 mol% of reactive β-ketoester functional groups, and two kind of cross-linking techniques: Michael addition [43] using bifunctional acrylates, and metal complexation using divalent metal (Cu 2+ ) ions. Unfortunately, both cross-linking techniques cannot be activated simultaneously due to the interference of one technique over the other. In this sense, we found that the basic catalyst used in the Michael reaction induced the precipitation of the Cu 2+ ions in solution. However, we found that they can be efficiently carried out in a sequential manner that, according to MD simulation results (see below), leads to the same nanoparticle conformations than by performing the simultaneous cross-linking process. Hence, we controlled the first cross-linking reaction (Michael addition) in such a way that half of the β-ketoester groups of the polymer precursor were consumed (i.e., half of the β-ketoester groups take formally the role of type-A groups). After that, the remaining groups were used for a second intramolecular cross-linking reaction (i.e., formally being type-B groups). This protocol allowed us to compare the structure of the resulting nanoparticles (A+B cross-linked 'heterofunctional' nanoparticles) with that of the 'homofunctional' nanoparticles, synthesized from exactly the same precursor polymer, when the intramolecular cross-linking process was carried out until completion exclusively via the Michael addition reaction (A cross-linked nanoparticles) or, alternatively, exclusively via intrachain metal complexation (B crosslinked nanoparticles). Experimental conditions for unimolecular soft nanoparticle formation through intrachain Michael addition reactions were previously reported in Ref. [2] , whereas the synthesis of single-chain metallopolymer nanoparticles will be described in detail in a forthcoming article.
B. Characterization techniques
The precursors and the nanoparticles were characterized by means of SEC/MALLS techniques. SEC measurements were performed at 30
• C on an Agilent 1200 system equipped with PLgel 5µm Guard and PLgel 5µm MIXED-C columns, a differential refractive index (RI) detector (Optilab Rex, Wyatt) and a MALLS detector (Minidawn Treos, Wyatt). THF was used as eluent at a flow rate of 1 ml/min, and data analysis was performed with the ASTRA Software from Wyatt.
The SAXS experiments were conducted on a Rigaku 3-pinhole PSAXS-L equipment operating at 45 kV and 0.88 mA. The MicroMax-002+ XRay Generator System is composed by a microfocus sealed tube source module and an integrated X-Ray generator unit which produces CuK α transition photons of wavelength λ = 1.54Å. The flight path and the sample chamber in this equipment are under vacuum. The scattered X-Rays are detected on a two-dimensional multiwire X-Ray Detector (Gabriel design, 2D-200X). This gas-filled proportional type detector offers a 200 mm diameter active area with c.a. 200 micron resolution. The azimuthally averaged scattered intensities were obtained as a function of momentum transfer q = 4πλ −1 sin(θ/2), where θ is the scattering angle. Reciprocal space calibration was done using silver behenate as standard. Measurements were performed at room temperature with a sample to detector distance of 2 m. The solutions (concentration: 8 mg/mL, THF as solvent) were filling capillaries of 2 mm thickness fixed perpendicular to the beam. The data were background corrected by subtracting the result of a measurement on the capillary filled with THF and applying the proper transmission corrections. beads. This simple model aims to mimic qualitatively the structure of real precursor polymers. These usually contain bulky side groups (e.g., phenyl groups), some of them being functionalized with short branches ending in reactive groups. A bead in this qualitative model represents the center-of-mass of typically 2-4 carbons [44] . We investigated two models of the macromolecule: a 'homofunctional' polymer in which all linker beads are identical, and a 'heterofunctional' one in which there are two kinds of linker beads (denoted as A and B). We only considered the case of the same number, N l /2, for both the A-and B-linkers, with their respective side groups being again randomly distributed along the backbone. The rest of the (non-reactive) beads in the macromolecule are denoted as C.
III. MODEL AND SIMULATION DETAILS
The interaction between any two given beads, of the species α, β ∈ {A, B, C}, is given by a shifted LennardJones (LJ) potential
for r < r c , and V αβ (r) = 0 for r ≥ r c . By using a cut-off distance r c = 2 1/6 σ αβ , potential and forces are continuous at r = r c . Moreover they are purely repulsive and have no local minima. With this choice our implicitsolvent simulations mimic cross-linking in good solvent conditions. In addition to the Lennard-Jones potential, two connected monomers interact through a finitely ex- tensible nonlinear elastic potential (FENE) [44] :
with K F = 15 and R 0 = 1.5. The sum of the potentials (1) and (2) yields an effective potential between connected monomers with a deep minimum at r = 0.96σ αβ , which guarantees chain uncrossability [44] . For simplicity we used the same energy and length scales of the interactions between the different species in Eqs. 1 and 2, namely ǫ αβ = ǫ = 1 and σ αβ = σ = 1 for α, β ∈ {A, B, C}. We performed Langevin dynamics simulations. The equation of motion for each monomer 1 ≤ i ≤ N , of mass m i , is [45] :
The term F i (t) is the Newtonian force resulting from the LJ and FENE interactions of i with other monomers in its chain. The second and third terms in the right-hand side of Eq. 3 are the drag and random force respectively. The strength of the drag force is controlled by the friction term γ i . The random forces are uncorrelated, following the relations R α i (t) = 0 and R
, where greek indexes denote cartesian components. For simplicity we used indentical masses m i = m = 1 and frictions γ i = γ = 0.05 for all beads. The simulation time unit is τ = (mσ 2 /ǫ) 1/2 . The Langevin equations of motion were discretized with time step ∆t = 0.01τ and integrated in the velocityVerlet scheme, following the impulse approach proposed in Refs. [46, 47] . Thus, coordinates r i (t) and velocities r i (t) were propagated by iteration of Eqs. 4 to 7:
The quantities k B and T are the Boltzmann constant and the imposed temperature, respectively. We used a value k B T = 1 in all simulations. The vectors Z (k) i with k = 1, 2 are given by
where α denotes cartesian components and
are, at each iteration, random numbers sampled from a Gaussian distribution of zero mean and variance equal to one.
The initial configuration of each precursor (unlinked) macromolecule was generated by sequential insertion of the beads and imposing a bond distance r = σ. The linear backbone of N b beads was first generated and, for a fixed value of N l , the two kinds of side groups were randomly distributed along the backbone. Random orientation was permitted for each new insertion, with the constraint r > 0.9σ for the distance to all the previuosly inserted beads, preventing strong overlap. Equilibration runs were performed to unfold the initial conformations, and extended over several millions steps in order to sample equilibrium configurations of the precursors. Crosslinking was not activated (see below) during the equilibration runs.
In both the equilibration and cross-linking runs several realizations of the macromolecule were propagated simultaneously and independently (i.e., without intermolecular interactions). This aims to mimic intramolecular crosslinking of, highly-diluted, isolated macromolecules. The number N m of independent macromolecules in each run was selected so that the total number of beads N m N per run was of the order of 10
4 . This number was sufficient to achieve small temperature fluctuations and efficient thermalization at the selected T . For each value of the backbone length N b and fraction of linker groups f , we performed N R runs, producing configurations for N t = N R N m independent realizations of the intramolecular cross-linking process. Thus, statistical averages included average over both the N t distinct macromolecules (ensemble-average), and the different configurations sampled by the propagation of the individual macromolecules (time-average). As will be shown in next sections, these two averages are not equivalent for the cross-linked polymers. Ensemble average was typically performed over N t = 200 distinct macromolecules, though we used a large number N t = 1000 for some selected cases. Timeaverage was performed over several hundreds of conformations for each individual macromolecule. These conformations were selected at equispaced times. The time ellapsed between selected consecutive conformations of a same macromolecule was long enough for uncorrelation. Indeed the average monomer displacement relative to the center-of-mass in that time interval was of the order of the average diameter of gyration.
The equilibrated precursors (see above) were used as the starting configurations for the cross-linking process. Likewise, we used initial sets of (canonically distributed) velocities obtained from the equilibration runs. Now we describe the implementation of the cross-linking process. A linker can only form one bond with other linker of its same species, i.e., in the case of the heterofunctional polymer A-B bonds are forbidden. We considered two types of cross-linking routes for the heterofunctional polymer, corresponding to two limit cases: simultaneous and sequential cross-linking. In the case of simultaneous crosslinking, both A-and B-linkers were simultaneously active (i.e., allowed to form bonds) from the beginning of the cross-linking run. In the case of sequential crosslinking, B-linkers were not active during the cross-linking of the A-linkers. Once the latter was completed, an equilibration run of a few million steps was performed and then cross-linking of the B-species was started. Obviously, for fixed N b and f the sequential cross-linking is computationally more demanding than the simultaneous one. Unless otherwise specificied, simulation observables will be reported for the simultaneous case. Sequential cross-linking was investigated for a few selected values of (N b , f ). As will be discussed in next sections, both cross-linking routes produced fully cross-linked nanoparticles with essentially the same structural properties.
Cross-linking in the simulations was irreversible. Thus, when a bond was formed between two given linkers, these remained bonded for the rest of the simulation (with the bonding interaction given by the FENE potential of Eq. 2), and were not allowed to form new bonds with other linkers. At a given time step, two linkers i and j of the same species can form a mutual bond only if the two following conditions are fulfilled: i) both of them are not bonded to any other linker; ii) they are at a mutual distance r ij ≤ 1.3σ ij ('capture distance') [48] . For a given configuration, a list of all 'candidate' pairs (i, j) fulfilling both conditions is made. Then, a pair (i ′ , j ′ ) is randomly selected from the list and a permanent bond is set between them. Since i ′ and j ′ cannot form new bonds, the other pairs eventually containing i ′ and j ′ are removed from the list of candidates. A new pair of the remaining candidates is randomly selected and the former procedure is repeated until the list becomes empty for the current configuration. Then the configuration is propagated according to the equations of motion and the former scheme is subsequently applied during the crosslinking run until no more bonds can be formed. One or zero linkers will remain unbonded at this point if N l is odd or even, respectively.
Once cross-linking was completed, simulations were further extended over several millions steps to accumulate configurations for statistical averages. Verlet lists [49] were implemented in both equilibration and crosslinking runs, in order to reduce computational expense. We investigated cross-linking for a broad range of backbone lengths, 20 ≤ N b ≤ 1600, and fractions of linker groups, 0.08 < f < 0.67. Even for fixed values of N b and f , the time t cl needed for completing cross-linking showed a broad distribution for the different macromolecules, with a dispersion of about three time decades. This is a direct consequence of the highly stochastic character of the cross-linking process (see below). According to the number of beads per polymer, 2(N b + N l ), the longest times extended from t cl < 10
8 MD steps (for N b = 1600). For the largest investigated systems there was a small fraction (< 10%) of macromolecules that did not complete cross-linking within the simulated time scales. These were excluded in the calculation of the radii of gyration and shape parameters presented in next sections, which strictly correspond to the fully cross-linked nanoparticles.
IV. SIMULATIONS: RESULTS AND DISCUSSION
A. Scaling behavior Fig. 2 shows simulation results for the averaged squared radius of gyration R 2 g , for all the investigated values of N b and f . Here the brackets denote average over polymers and times (i.e., joint ensemble and time average). The results are shown for the investigated macromolecules in different states (unlinked precursor, homofunctional nanoparticle and heterofunctional nanoparticle). Each data set (fixed color and symbol code) corresponds to the N b -dependence of R 2 g for a same state and a same f . It must be noted that the precursor states for the homofunctional and heterofunctional polymers are equivalent, since the interaction potentials between all species are identical (see Section III). Differences between homofunctional and heterofunctional polymers with the same N b and f arise only in the cross-linked states. This is a consequence of the fact that, unlike in the homofunctional polymers, in the heterofunctional ones half of the linkers cannot form bonds with the other half. Therefore, for each state we have fixed the value of ν to the average over the different fractions f for such a state, and repeated the fits by leaving b 2 as the only free parameter. The different data sets in Fig. 2 are normalized by the so-obtained values of b 2 . By using this representation, data for all the linker fractions of a same state show an excellent agreement with a common power law. The representation also reflects a very different scaling behavior for the different states. The scaling exponent for the unlinked precursor is ν = 1.27. This is bigger than the Flory exponent (ν F = 1.18) [50, 51] for self-avoiding random walks, which describe the conformations of linear chains in good solvent. In principle, the unlinked precur- The nanoparticles exhibit significantly lower exponents, ν = 1.12 and 1.02 for the homofunctional and heterofunctional case respectively. The exponent for the heterofunctional nanoparticles is essentially identical to that of random walks (ν RW ≡ 1), which describe the (Gaussian) statistics of linear chains in polymer melts or in θ-solvents [50, 51] . The observed crossover in the scaling behavior by fully cross-linking the precursor slightly resembles a transition to a θ-point. Indeed we will show that, as for the case of linear chains in θ-solvent, the nanoparticles show a local globulation of the monomers but their conformations remain open at the large scale.
Local globulation is anticipated by the increase of the effective segment length b observed by passing from the unlinked to the fully cross-linked state (inset of Fig. 2) . Open conformations are suggested by the scaling exponents. Indeed if the dominant conformations of the crosslinked polymers were compact, they should lead to lower exponents (e.g., ν = 2/3 for spherical objects) than those observed in Fig. 2 . This feature is confirmed by visual inspection of the nanoparticles. Fig. 3 
The underlying mechanism leading to sparse nanoparticles can be understood by analyzing the contour distances between bonded linkers. We define the contour distance s between two bonded linkers as 1 + n, with n the number of backbone monomers between the two backbone monomers to which the corresponding linker side groups are attached. Fig. 4 shows the time evolution of the histogram P (s) during the cross-linking process. Data are shown for a representative case, N = 200 and f = 0.40, of the homofunctional polymer. We observe that P (s) is a monotonically decreasing function of s. Thus, bonds between linkers at small s are much more likely to be formed that at large countour distances. Moreover, bonds with large s are mostly formed at the late stage of the cross-linking process. These features can be understood as follows. Bonds are formed between pairs of linkers that are obviously close in the real space. Because of the self-avoiding character of the unlinked precursors (good solvent conditions), such linkers will be mostly at a small contour distance from each other. Folded conformations of the unlinked precursor, in which two linkers are far from each other in contour distance, but close in real distance, do occur but are much less frequent. For that reason the early stage of the crosslinking process is dominated by bonding between pairs at small s. By looking in detail at the different data sets of Fig. 4 , it is found that for small contour distance, s 7, P (s) grows up until t ∼ 400 and no significant increase occurs beyond that time scale. By increasing the time beyond t ∼ 400, the distribution P (s) grows up at intermediate scales. For the selected case of Fig. 4 , no significant increase of P (s) is observed in the range s 22 for t 4000. Thus, the interval 400 t 4000 corresponds to bonding between linkers at progressively longer contour distances, from s ∼ 7 to s ∼ 22. Finally, the late stage of the cross-linking process reflects the formation of bonds between linkers separated by large contour distances. This is shown in Fig. 4 by the ultimate growth of P (s) for s 22, from t ∼ 4000 to the end of the simulation at t ∼ 4.6 × 10
5 . This ultimate regime essentially corresponds to bonding between the last pairs of unbonded linkers. Fig. 4 shows that these linkers are on average at large contour distances. This requires large scale reorientation of the polymer to put the remaining unbonded linkers into contact. Because of the highly stochastic character of such large reorientations, the time for completing cross-linking can vary by orders of magnitude for polymers of identical N b and f . Fig. 5 compares results, for fixed N b = 400 and f = 0.20, of the distribution P (s) for the homofunctional and heterofunctional nanoparticles. Bonding at short countour distances is also clearly dominant in the heterofunctional case. However, bonding at long s is more likely than in the homofunctional counterparts. This can be understood as follows. If a homofunctional polymer of backbone length N b has N l linkers, its heterofunctional counterpart of identical N b has N l /2 A-linkers and other N l /2 B-linkers, both types of linkers being randomly distributed along the precursor contour. Since in the heterofunctional polymer A-B bonds are forbidden, the average contour distance between linkers that can form mutual bonds (A-A or B-B pairs) will be larger than in the homofunctional counterpart. This will lead, in the distribution P (s) of the heterofunctional polymer, to a lower amplitude at small s and a less pronounced decay at long s, respect to the P (s) of the homofunctional polymer.
The results displayed in Figs. 4 and 5 rationalize the trends observed in the scaling behavior of the radius of gyration (Fig. 2) . Bonding at short contour distances leads to compactation of the chain at local scales by creating small dense loops. However, this is not an efficient mechanism for compactation at large scales. On the contrary, looping over long countour distances does lead to a significant reduction of the macromolecular size -the most simple case is linking the two end monomers of a linear chain to form a ring. However, because of the self-avoiding character of the precursor chains in good solvent conditions, bonding between linkers at long s is unfrequent. Hence the average number of long loops in the fully cross-linked nanoparticle is very small and at the end of the synthesis process does not lead to strong compactation at large scales. Still, size reduction respect to the precursor is more pronounced for the heterofunctional than for the homofunctional nanoparticle. This feature is rationalized by the higher probability in the heterofunctional polymer for forming long-s bonds. As a consequence of the local, but not global, compactation of both the homofunctional and heterofunctional nanoparticles, the scaling exponents for R As demonstrated by visual inspection (Fig. 3) , irreversible cross-linking of polymers with same N b and f can lead to nanoparticles of rather different topologies. This suggests that ensemble and time average (as defined above) are not equivalent. We denote by R g the instantaneous values of the radii of gyration adopted by the polymers at different time steps, and byR g the time averages of such values for the individual polymers. Though, because of the random distribution of the linker branches along the backbone, the architectures of the different precursors are not strictly equivalent for fixed N b and f , this has a negligible effect in the time average. Thus, all precursors with the same N b and f have the sameR g within statistics. On the contrary, the rather different topologies adopted by nanoparticles with the same N b and f lead to a distribution ofR g . Fig. 6 shows results for the distributions of both the instantaneous and timeaveraged radii of gyration, P (R g ) and P (R g ) respectively. Results correspond to the unlinked precursor, homofunctional nanoparticle and heterofunctional nanoparticle, all them with identical backbone length N b = 200 and linker fraction f = 0.20. As mentioned before, the different precursors show the same value ofR g , in spite of the broad distribution of instantaneous R g that is explored by intramolecular fluctuations. Instead, the nanoparticles are intrinsically polydisperse in size. The intramolec- Fig. 2 , there is a shift of the distributions to lower sizes by passing from the unlinked state to the cross-linked one. Likewise, the distributions for the heterofunctional nanoparticles are shifted to lower sizes respect to those of the homofunctional counterparts. The first ones are also narrower, but this seems to be just an effect of size reduction. Indeed heterofunctional and homofunctional nanoparticles seem to have the same intrinsic polydispersity. Thus, if we characterize the polydispersity by the ratio σ R = [ R 2 g − R g 2 ] 1/2 / R g , we find within statistics the same 'half-width' σ R ≈ 12% for the heterofunctional and homofunctional case.
B. Shape parameters
More detail about the average macromolecular conformations can be obtained by quantifying shape parameteres as the asphericity and prolateness. These can be obtained from the radius of gyration tensor [52, 53] ,
where α, β denote cartesian components of the position vectors, r i and r cm for the ith-monomer and center-ofmass of the polymer, respectively. In the following we sort the three eigenvalues of the matrix of Eq. 9 as λ 1 ≤ λ 2 ≤ λ 3 . It can be seen that R As Fig. 6 for the asphericity parameters a andā. asphericity parameter, 0 ≤ a ≤ 1, is defined as:
The asphericity of a perfectly spherical object is a = 0. Objects with approximate spherical shape (λ 1 ≈ λ 2 ≈ λ 3 ) have asphericities a 0. The prolateness parameter, −1 ≤ p ≤ 1, is defined as:
For perfectly oblate objects (λ 1 < λ 2 = λ 3 ) the prolateness is p = −1. For perfectly prolate objects (λ 1 = λ 2 < λ 3 ) p = 1.
In analogy with the analysis presented in Fig. 6 for the radii of gyration, and for the same choice of parameters, we show in Figs. 7 and 8 the corresponding distributions of the instantaneous (a, p) and time-averaged (ā,p) asphericities and prolateness. The distributions of the asphericities show the same qualitative trends as those of the radii of gyration. Nanoparticles are, on average, closer to spherical objects (lower asphericity) than the unlinked precursors, and this effect is more pronounced for the heterofunctional nanoparticles than for their homofunctional counterparts. Still, the contribution of quasispherical objects (a → 0) to the total distribution is rather small, as anticipated by visual inspection of the polymer conformations (Fig. 3) . Though some big loops can be formed, leading to strong reduction of the polymer size respect to the unlinked state, the nanoparticles still exhibit extended portions which allow to explore highly non-spherical conformations. The distributions of the time-averaged asphericities exhibit, within statistics, an apparent bimodal character, which is more pronounced for the cross-linked homofunctional polymers. This bimodality reflects the presence of both open topologies (without big loops) and moderately compact ones, as the two representative cases illustrated in Fig. 3 . The strong reduction of the large-ā mode in the P (ā) of the heterofunctional nanoparticles suggests that open topologies are less frequent than in the homofunctional counterparts.
Concerning the distribution of prolateness (Fig. 8) , this is largely dominated by prolate objects (p → 1) in all cases. Cross-linking just leads to a slight increase in the probability of finding instantaneous oblate shapes (p → −1) by intramolecular fluctuations -note the logarithmic scale in Fig. 8 . However, the distributions of the time-averaged prolateness, P (p) reveal that intrinsicaly oblate topologies are extremely unfrequent.
Finally, Fig. 9 shows, for the former values N b = 200 and f = 0.40, the correlation between the time-averaged shape parameters obtained for the individual nanoparticles and their respective time-averaged radii of gyrations. The correlations seem to be more pronounced for the asphericity than for the prolateness. The representations of Fig. 9 show that, in general, the topologies of the crosslinked polymers become more spherical and less prolate for intrinsically smaller sizes (i.e., for lowerR g ). The results presented for the heterofunctional polymers in previous subsections correspond to the case of simultaneous cross-linking of the two species A and B. In this subsection we discuss the effect of the specific cross-linking route (simultaneous or sequential) on the size and shape of the obtained heterofunctional nanoparticles. Fig. 11 compares the corresponding histograms P (s) of countour distances between bonded linkers in the heterofunctional nanoparticles. Differences between the distributions and histograms obtained by the simultaneous and sequential routes are negligible within statistics. As mentioned above, simultaneous cross-linking is less demanding computationally, whereas chemical synthesis has been performed by sequential cross-linking. The fact that both routes produce the same structural properties for the obtained cross-linked polymers supports the simulation of the simultaneous route as a robust and consistent methodology for guidance of experimental synthesis.
D. Euler characteristic
Results in the previous subsections characterize global properties of the macromolecular conformations. In order to further define the structure of the intramolecularly cross-linked polymers, taking into account multibody correlations among the constituent monomers, we use the Euler characteristic, χ, as a topological fingerprint. This morphometric approach has been proven to be robust and suitable in bringing forward quantitative details of the spatial organization of the molecules [54] [55] [56] . The Euler characteristic χ is one of the four scalar Minkowski functionals [57] [58] [59] that characterize a given surface embedded in three dimensions, the others being the enclosed volume, total surface area and the integral mean curvature. The coefficient itself is proportional to the integral Gaussian curvature and its value is not affected by any continuous, topology-preserving deformations of the surface. In three dimensions it takes the form:
N D represents the number of disconnected aggregates, N C is the number of enclosed cavities and N T is the number of perforations, i.e., tunnels that percolate through the system. Values for some archetypical topologies are: i) n for n disconnected spherical polyhedra, ii) 1 − n for a n-fold torus, and iii) 1 + n for a sphere with n inner holes.
For computing the Euler characteristic we proceeded as follows. As a first step we constructed a cubic box containing the macromolecule, and discretized the box into a cubic lattice, of spacing d. Each lattice site is surrounded by a Wigner-Seitz cell of the cubic lattice, i.e., by an elementary cube having the size of the lattice constant. This construction is space-filling. We then introduced a family of surfaces parameterized by an appropriate length scale R that can be constructed from a given configuration of the monomers. To this end, we considered the surfaces S(R) formed by spheres with a radius R located at the centers of every monomer. We denote each cell inside S(R) as 'full' and all others sites as 'empty'. Once S(R) was constructed, the Euler characteristic was computed as explained in Ref. [57] .
In the limit of small R we have a collection of disjoint spheres. By increasing R, some of the spheres will connect, merge, and later form rings and cavities. Eventually, the collection of spheres will fully occupy the space containing the macromolecule, and the surface will vanish. We stress that the so-obtained Euler characteristic corresponds to a discretized configuration of the surface S(R). Therefore, the lattice spacing d must be sufficiently small to avoid artifacts arising from the discretization. While we increase the radius R of the spheres, the Euler characteristic changes if the topology of the surface S(R) changes as well. According to the definition of Eq. 12, there are two different mechanisms that decrease the value of χ(R) by increasing the radius R. The first mechanism is the external touching of two spheres, in which case either the number of disjoint surfaces is diminished (leading to a decrease of N D ) or a chain of joined spheres forms a new loop (leading to an increase of N T ). Both features result in negative contributions to χ in Eq. 12. The second mechanism is the disappearence of a cavity enclosed by at least four spheres, which decreases N C in Eq. 12. On the other side, one event typically increases the value of χ(R) by growing R: when three spheres forming a loop become so large than the hole of the corresponding torus or handle vanishes. This decreases the number of percolating tunnels N T , resulting in a positive contribution to χ in Eq. 12.
Now we analyze the R-dependence of χ on the basis of these mechanisms. All data sets in Fig. 12 exhibit the same trends. Differences in panel (a) are just given by the macromolecular sizes (note the scaling of R by R 2 g 1/2 ), and not by topological features. By starting from R = 0, when the radius of the spheres approach to half of the typical bond length (R ≈ 0.5), the spheres merge into a single aggregate (N D = 1). This happens in a very narrow range of R, since bonds in the beadspring model experience narrow fluctuations. Concomitantly, a large number of narrow perforations is formed at the merged surface S(R) -reflecting narrow interstitials in the local packing of the monomers -and χ(R) sharply drops to a negative minimum. Consistently, the minimum is located at R ≈ 0.5 for all systems. The number of perforations (each carrying a contribution −1 in Eq. 12) is N T ∼ 0.6N in all cases, independently of the backbone length and the number of cross-linkers. By further increasing R, perforations shrink and vanish, or are transformed into cavities, removing their negative contributions to χ(R). For distances R ∼ 1.2 most of the interstitials have vanished and, accordingly, χ(R) exhibits a steep increase from the minimum. The surface S(R) is expected to form a single spherical polyhedron, without perforations and cavities, for suficiently large R, reaching the limit χ = 1. Interestingly, χ(R) approaches this limit very smoothly. Indeed, for the largest radii accessed in the calculation, R ∼ 6, χ(R) is positive but still smaller than one. Actually χ(R) < 1 for all the investigated values of R. This suggests that cavities are much less frequent than perforations in S(R), and that the ultimate smooth behavior of χ(R) reflects open topologies for the nanoparticles, which may contain just a few open loops. This is confirmed by visual inspection of the nanoparticle configurations (Fig. 3) , and is consistent with the results for the distributions P (s) in Figs. 5 and 11. single-chain nanoparticles synthesized from this precursor exclusively via Michael addition reaction until completion (i.e., A cross-linked 'homofunctional' nanoparticles), and iii) single-chain nanoparticles synthesized from this precursor via sequential intrachain Michael reaction plus metal complexation (i.e., A+B cross-linked 'heterofunctional' nanoparticles). On going from the unlinked precursor to the cross-linked nanoparticles, a shift of the SEC/MALLS trace towards higher retention times is clearly observed in Fig. 13 , which reflects a reduction in the hydrodynamic size of the resulting nano-objects (see below). The shift is larger for the cross-linked heterofunctional nanoparticles than for their homofunctional counterparts, in full consistency with the MD simulation results. Also, a decrease in the M w /M n ratio is observed from 1.54 (precursor) to 1.42 (homofunctional nanoparticles) and to 1.38 (heterofunctional nanoparticles).
MALLS measurements allowed us to determine the average squared radii of gyration, R molecules assures the condition q ≫ 1/R g , and in the intermediate length regime accessed by these experiments the scattered intensity increases as a power law in q determined by the Flory exponent ν, as I(q) ∼ q −2/ν (see, e.g., Ref. [51] ). The precursor shows the expected behavior of a polymer chain in good solvent (ν = 1.2). The form factors of the nanoparticles present markedly lower values of the ν-exponent. These are even lower than in the case of random coils (ν = 1), but still clearly above the exponent for globular objects (ν = 0.67). Namely, the exponent decreases from ν = 0.88 for the homofunctional nanoparticles obtained by cross-linking mediated only by Michael addition, to ν = 0.80 for the heterofunctional ones obtained by sequential Michael reaction and metal complexation. We again find a qualitative agreement with the simulation results: the use of two crosslinking mechanisms leads to more compact nanoparticles.
The observed smaller values of the ν-exponents in the real samples than in the MD simulations can be rationalized by the lower local flexibility of the first ones. Real polymers contain bending and torsional barriers that hinder local intramolecular deformations. These barriers are not present in the simulated flexible bead-spring model. We have made this choice for computational efficiency, since the presence of intramolecular barriers shift characteristic times to much longer time scales [60] . Thus, the lower deformability at the most local scales in the real precursor may facilitate chemical cross-linking at somewhat larger contour distances than in the bead-spring model, leading to somewhat more compact nanoparticles that are characterized by lower scaling exponents. Still, these are still clearly above those expected for globular objects, revealing that sparse topologies also dominate the conformations of the real single-chain soft nanoparticles.
VI. CONCLUSIONS
We have investigated, by means of MD simulations, the formation of soft nanoparticles by irreversible intramolecular cross-linking of homofunctional polymer precursors in good solvent conditions. Because of the initial selfavoiding character of the precursor, bonding at long contour distances, which is the efficient mechanism for global compactation, is a rare event that essentially occurs in the late stage of the cross-linking process. As a consequence, cross-linking may produce both compact and sparse soft nanoparticles even if the precursors have identical molecular weight and linker fraction. This has been confirmed by determining their scaling behavior and by a detailed quantitative analysis of their structural properties.
We have also studied the intramolecular cross-linking of heterofunctional polymers containing two types of orthogonal linkers.
The resulting heterofunctional nanoparticles are, on average, smaller and more spherical than the homofunctional counterparts, though still a significant fraction of sparse objects is present. Furthermore, simultaneous and sequential cross-linking of the two types of linkers lead to the same structural properties for the heterofunctional nanoparticles. The simulation results have been successfully compared with results from SEC/MALLS and SAXS experiments in real polymeric nanoparticles. The extensive and generic analysis presented in this article allows us to define more efficient experimental protocols for the synthesis of single-chain nanoparticles.
